The effective potential for the Standard Model Higgs field allows two quasi-degenerate vacua; one is our vacuum at the electroweak scale, while the other is at a much higher scale. The latter minimum may be at a scale much smaller than the Planck scale, if the potential is lifted by new physics. This gives rise to a possibility of domain wall formation after inflation. If the highscale minimum is a local minimum, domain walls are unstable and disappear through violent annihilation processes, producing a significant amount of gravitational waves. We estimate the amount of gravitational waves produced from unstable domain walls in the Higgs potential and discuss detectability with future experiments. *
I. INTRODUCTION
The Standard Model (SM) of particle physics has been extremely successful, and the Higgs boson with a mass of 125 GeV discovered at the LHC [1, 2] completed the last missing piece of the SM. So far there is no experimental hint for physics beyond the SM, and it may be that the Standard Model is valid up to very high energy scales beyond the reach of the current collider experiments.
In the SM framework, the measured values of the Higgs boson mass and top quark mass imply that the electroweak (EW) vacuum is likely metastable. This is because the Higgs self coupling becomes negative at some high energy scale as a result of the fact that its RGE (renormalization group equation) evolution is dominated by the top Yukawa coupling [3, 4] . While such effective potential is acceptable as long as our vacuum is sufficiently long-lived, it may signal that new physics appears around that scale and lift the potential.
1 For example, higher dimensional operators may lift the effective potential so as to make these two vacua degenerate in energy, or even make the EW vacuum stable.
The existence of two quasi-degenerate minima in the Higgs potential has interesting cosmological implications. During inflation, either of the two vacua is randomly selected in each patch of the Universe, if the Higgs field acquires quantum fluctuations large enough to overcome the potential barrier between the two minima. Then, domain walls are formed after inflation. Domain walls are a sheet-like topological defect [5] , and they are stable if the two vacua are exactly degenerate. Stable domain walls, however, are a cosmological catastrophe as they eventually dominate the Universe, generating unacceptably large inhomogeneities. 2 If there is an energy difference (bias) between the two vacua, domain walls are unstable and they eventually annihilate [11] [12] [13] [14] . The EW vacua is realized in 1 The scale sensitively depends on the top quark mass, and it will be around or beyond the Planck scale for the top quark mass about 171 GeV, the lower side of the experimental range [3, 4] . 2 If the high-scale minimum is around or beyond the Planck scale, an eternal topological Higgs inflation may take place avoiding the cosmological disaster [6] . See Refs. [7, 8] for the original works of topological inflation. The topological Higgs inflation may provide a dynamical explanation for the multiple-point criticality principle [9] . See also Ref. [10] for the related topics.
the whole Universe if it is energetically preferred. Interestingly, a significant amount of gravitational waves is emitted in the violent annihilation processes [15] [16] [17] [18] . As we shall see shortly, such gravitational waves are within the sensitivity reach of future experiments such as advanced-LIGO [19] , KAGRA [20, 21] , ET [22] , LISA [23] and DECIGO [24] , if the domain walls are sufficiently long-lived. Thus, gravitational waves can be a probe of another vacuum far beyond the EW scale. In this letter, we study the gravitational waves generated by collapsing domain walls in the Higgs potential with the quasi-degenerate vacua. In Sec. II, we introduce the Higgs potential having the false vacuum at high energy scales and discuss the possibility of the domain wall formation. In Sec. III, we calculate the gravitational wave abundance and discuss its detectability with future experiments. Sec. IV is devoted to discussion and conclusions.
II. FALSE VACUUM IN HIGGS POTENTIAL
Let us consider the following Higgs potential lifted by new physics at some high energy scale,
where ϕ is the Standard Model Higgs scalar field, λ(ϕ) is a scale-dependent self coupling constant and Λ is a cutoff scale for the dimension six operator. We have neglected the quadratic term of order the electroweak scale as we are interested in the behavior of the Higgs potential at high energy. Here we simply substitute the Higgs field value for the renormalization scale, λ(µ) = λ(ϕ).
The renormalization-group-improved effective potential including one-loop and twoloop corrections in Landau gauge is given in [3] , and the gauge-dependence of the effective potential was examined in [4] . More recently, a treatment for higher dimensional operators in the Higgs potential was studied in [27] . For our order of magnitude estimate, however, the following crude approximation is sufficient. We leave further refinement of our analysis for future work, but we believe our main results will not be qualitatively changed.
The scale dependence of the Higgs self coupling λ(µ) is governed by the RGE,
where t = ln(µ/M t ) and
up to one loop order. Here y t is the top Yukawa coupling, M t is the top quark mass, The effective potential can be lifted by higher dimensional operators such as the last term in the right-hand-side in Eq. (1). 4 In this case there are two potential minima; one is at the EW scale ϕ = v EW , and the other at a much higher scale ϕ = ϕ f . Depending on the size of the higher dimensional operator, the high-scale minimum can be a local or global minimum. In particular, our main interest lies in the case when the two minima are quasi-degenerate and the EW vacuum is slightly energetically preferred:
If the Higgs field acquires a sufficiently large quantum fluctuations during inflation, both vacua may be populated at different patches of the Universe, leading to domain wall formation after inflation. In a later Universe, the EW vacuum will be selected after domain wall annihilation. Note that the precise value of Λ obtained in Ref. [4] is about two orders of magnitude larger and it is about 10 12 GeV for M t = 173.3 GeV. Accordingly, ϕ f will be larger by a similar amount. We emphasize here that our analysis in the next section does not depend on the detailed RGE evolution, because we express all the relevant quantities in terms of ϕ f , V max and V f . One should simply use the result of e.g. Ref. [4] when one relates the value of ϕ f to the top quark mass and the Higgs boson mass.
III. GRAVITATIONAL WAVES FROM COLLAPSING DOMAIN WALLS
As we have seen in the previous section, the Higgs potential allows two quasi-degenerate minima, especially if the potential is lifted by higher dimensional operators. This gives rise to a possibility of domain wall formation after inflation. A domain wall is characterized by its tension, σ, which is roughly estimated to be
where V max is the height of the potential barrier between two minima,
max is the width of the domain wall, and we fix it to minimize the tension in the second equality.
In order to avoid the cosmological domain wall problem, the energy bias between the two vacua is necessary to make domain walls unstable. In the presence of the bias, domain walls start to collapse when the energy density of the domain walls become comparable to the bias energy density. As is confirmed by numerical simulations, the evolution of the domain wall network exhibits a scaling behavior [32] [33] [34] [35] and the energy density of the domain wall is roughly given by
Then, the Hubble parameter at the domain wall decay is
In order not to generate unacceptably large inhomogeneities, domain walls must decay before they dominate the Universe, which places a lower bound on the energy bias;
where M P 2.4 × 10 18 GeV is the reduced Planck mass, and H dom ∼ σ/M 2 P is the Hubble parameter when domain walls would start to dominate the energy density of the Universe if there were not for the bias.
The domain wall collapse is a violent processes, and some part of the energy stored in the domain walls is converted to gravitational waves. The spectrum of the gravitational waves is expected to be peaked at a frequency corresponding to the Hubble scale at the decay, as it is the typical curvature scale of the domain wall system. This was confirmed by detailed numerical calculations [18] , and the density parameter of the gravitational waves at the peak frequency at the time of domain wall collapse is given by
where G is the Newton's gravitational constant and˜ gw and A are numerical factors characterizing respectively the efficiency of the gravitational wave emission and the area of the domain walls. They are determined by the numerical calculations to be˜ gw 0.7
and A 0.8 [18] . Then, the present time density parameter of the gravitational waves at the peak frequency is obtained as
where g * is the relativistic degrees of freedom at the domain wall decay and γ is the dilution factor after the domain wall decay, and it is given by
Here H R is the Hubble parameter at the reheating. The peak frequency corresponds to the Hubble parameter at domain wall decay, which is red-shifted by the cosmic expansion until today,
where
and T dec and T R are the cosmic temperature at H = H dec and H R , respectively.
Now let us turn to the domain walls in the SM Higgs potential lifted by new physics.
We focus on the case in which the high-scale minimum is a false vacuum and it is quasidegenerate with the EW vacuum. The position of the false vacuum is at intermediate energy scales, 10 8 GeV ϕ f 10 12 GeV, depending on the values of the top quark mass, the strong gauge coupling, and the Higgs boson mass [3, 4] . The height of the potential barrier is determined by solving the RGE, which is roughly V max ∼ 10 −4 ϕ 4 f . The bias energy density is treated as a free parameter which is adjusted by tuning Λ.
In the case of the Higgs domain walls, there are generically finite temperature corrections to the Higgs potential, which give an extra contribution to the (time-dependent) energy bias. Note however that, as we shall discuss later, thermal history after inflation is not known, and therefore the following discussion actually depends on the details of the reheating processes. Let us suppose that the position of the false vacuum is always much larger than the cosmic temperature, ϕ f T . Then the thermal mass correction to the effective potential is negligibly small at ϕ = ϕ f . Even for ϕ T , there is a logarithmic correction arising from the free energy of the thermal plasma, the so called thermal log potential [36] , which is roughly given by
where a is a numerical constant of O(0.1). In addition, there are background thermal plasma in the EW vacuum, while many of the SM particles are non-relativistic in the false vacuum because of ϕ f T . These thermal effects are considered to generate an extra energy bias of order T 4 . In the following analysis, we mainly focus on a parameter space where such thermal effects are negligibly small. 5 After reheating, the thermal energy bias ∼ T 4 decreases faster than the energy density of domain walls. Before reheating, both evolve in the same way since the dilute plasma energy density evolves as T 4 ∼ T 2 R HM P ∝ ρ dw (see Eq. (7)) in the case of usual perturbative decay of the inflaton. Based on this observation, we require ρ dw ∼ σH T 4 to avoid a situation where domain walls decay 5 The evolution of the domain wall network might deviate from the scaling regime in the presence background plasma. The existence of plasma could also change the effective area of domain walls A, which results in a shift of the peak frequency for the fixed tension and energy bias. We however expect that such thermal effect on the domain wall dynamics is small as long as thermal energy is much smaller than the energy stored in the domain walls, as we assume in the text.
due to thermal energy bias. Then, the reheating temperature is bounded from above as
For a given rehearing temperature, this gives the lower bound on the field value at the false vacuum. Note that, for the reheating temperature satisfying the bound, the thermal plasma energy is always much smaller than V max , and so, the use of the tension given in Eq. (6) is justified. If the condition (16) is violated, domain walls will disappear soon after inflation and the resultant gravitational wave signal will be too weak to be detected by future experiments. Also the peak frequency tends to be extremely high. That said, the bound (16) should be taken with care, because the thermal history after inflation contains rather large uncertainties. As we shall discuss in the next section, it is possible to avoid the bound by considering a slightly more involved thermal history of the Universe.
In Fig. 2 , we show the contours of the gravitational wave density parameter at the peak frequency, Ω GW h 2 | peak (dashed (red) lines), as well as the peak frequency, f peak (dotted (blue) lines), in the plane of (ϕ f , (V f /V max ) 1/4 ). We have set T R = 3 × 10 8 GeV in Fig. 2(a) and T R = 10 4 GeV in Fig. 2(b) . The shaded (magenta) lower-right triangle region is excluded by the domain wall domination (cf. Eq. (9)) and the vertical (cyan) line is the lower bound on ϕ f to avoid the early domain wall decay due to the thermal effects (cf. Eq. (16)). As mentioned earlier, thermal effects are negligible in the region right to the vertical (cyan) line, but it does not necessarily preclude the region left to the vertical (cyan) line because of large uncertainties of thermal history. The thick green and yellow lines represent the sensitivity curves of advanced-LIGO and ET respectively in Fig. 2(a) , and LISA and DECIGO in Fig. (2(b) ), and the shaded region below the curves will be probed by each experiments. The sensitivity curve of KAGRA is expected to be similar to that of advanced-LIGO. Note that it is difficult to generate gravitational waves within the reach of pulsar timing observations such as IPTA [37] and SKA [38] which are sensitive to much lower frequencies (∼ 10 −9 Hz). It would require the tension of the domain walls to be close to (10 5 GeV) 3 , which cannot be realized within the SM framework.
We show in Fig. 3 (V f /V max ) 1/4 = 10 −3 for the right line). According to the precise numerical calculations [18] , the gravitational wave spectrum scales as (f /f peak ) 3 for f < f peak and (f /f peak )
for f > f peak .
IV. DISCUSSION AND CONCLUSIONS
So far we have focused on a situation where thermal effects have no impact on the domain wall dynamics. We note that this crucially depends on the details of reheating processes. For instance, it is possible that the inflaton decays into a hidden sector, not the SM sector. Then, thermal effects are absent during the reheating processes and the lower bound on ϕ f (16) is no longer applied. The SM particles can be thermally populated through various processes after the domain wall annihilation. For instance, the hidden photons and the SM U(1) Y gauge bosons become re-coupled below a critical temperature determined by the strength of their kinetic mixing. If this happens after domain wall annihilation, the SM particles will be produced only at low temperatures. It is also worth noting that there is no entropy production due to this process, and our analysis in the previous section can be applied without any modification even in the parameter space left to the vertical line in Fig. 2 . Alternatively, one may introduce another field (e.g. a modulus field) which dominates the Universe for a short period and decays into the SM particles after the inflaton decay. In this case one has to take account of its thermal effects, the shift of the peak frequency, as well as an extra dilution due to the modified thermal history. Thus, it is certainly possible to widen the parameter space by considering a slightly more involved thermal history of the Universe.
The violent domain wall annihilation processes produce not only gravitational waves but also a large amount of the SM Higgs bosons which soon decay into quarks, leptons and gauge bosons. If the SM Higgs boson is coupled to some heavy degrees of freedom such as right-handed neutrinos, those heavy particles can be produced through non-perturbative processes, which may contribute to dark matter, or baryogenesis, etc. [39] .
In order to generate gravitational waves within the reach of future experiments, the bias energy density must be so small that domain walls annihilate when they are about to dominate the Universe. While there is no compelling reason for the quasi-degeneracy of the two vacua, it may be due to the multiple-point principle [9] or an important cosmological role (e.g. dark matter, baryogenesis) of the decay products of domain walls.
In the SM framework, the Higgs self coupling turns to negative, and the effective potential becomes negative at a high energy scale, based on the perturbative RGE analysis.
The scale sensitively depends on the values of the top quark mass, but it is at an intermediate scale for the top quark mass, M t 173 GeV. In such a case, the EW vacuum is metastable, which is acceptable as long as it is sufficiently long-lived. On the other hand, 
